Periodic-boundary and cluster calculations of the magnetic-shielding tensors of 119 Sn sites in various co-ordination and stereochemical environments are reported. The results indicate a significant difference between the predicted NMR chemical shifts for tin(II) sites that exhibit stereochemically-active lone pairs and tin(IV) sites that do not have stereochemically-active lone pairs. The predicted magnetic shieldings determined either with the cluster model treated with the ZORA/Scalar Hamiltonian or with the GIPAW formalism are dependent on the oxidation state and the co-ordination geometry of the tin atom. The inclusion of relativistic effects at the spin-orbit level removes systematic differences in computed magnetic-shielding parameters between tin sites of differing stereochemistries, and brings computed NMR shielding parameters into significant agreement with experimentally-determined chemical-shift principal values. Slight improvement in agreement with experiment is noted in calculations using hybrid exchangecorrelation functionals.
Introduction
Solid-state nuclear magnetic resonance (NMR) spectroscopy is an important tool for studying 119 Sn-containing materials because experimental parameters, particularly the magneticshielding tensor, are quite sensitive to structural features. [1] [2] [3] Experimental 119 Sn NMR parameters [3] [4] [5] [6] [7] depend on the local co-ordination geometry and share important similarities with those of 207 Pb. [8] [9] [10] For instance, tin(II) species generally exhibit hemidirected co-ordination chemistry 11, 12 with characteristically wide chemical-shift spans (O = |d 33 À d 11 |) of 600-1200 ppm. 5, 6, 13 In contrast, tin(IV) species generally exhibit holodirected co-ordination chemistry 11, 14, 15 with spans under 400 ppm. 4, 5 The differences in magnetic-shielding parameters between the two structural motifs reflect the fact that crystal structures of tin(II) compounds usually have large void spaces to accommodate the lone pair of electrons, whereas the co-ordination geometry around tin(IV) sites is more nearly spherically symmetric. A recent computational study of 207 Pb NMR parameters illustrates the differences among NMR parameters of lead nuclei at sites of different stereochemistry and how these differences are enhanced by relativistic effects, particularly by spin-orbit (SO) coupling. 16 A similar result is expected for 119 Sn.
Quantum-chemical calculations provide the connection between NMR parameters and structure. 17, 18 For NMR-active nuclei in period 6, such as 195 Pt, 199 Hg, and 207 Pb, one must use relativistic theory, including SO coupling, for accurate predictions of the principal components of the magnetic-shielding tensors, and thus parameters such as the isotropic chemical shift. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] For nuclei in period 5 ( 119 Sn, 125 Te, 113 Cd), there remains some ambiguity in the literature regarding the impact of relativistic effects on calculated NMR parameters. 22, [32] [33] [34] [35] [36] [37] Benchmark studies are important in determining the efficacy of various computational protocols.
There are suggestions in the literature that relativistic effects, particularly SO coupling, are important in calculating magnetic shielding of 119 Sn nuclei. [38] [39] [40] For example, Malkin et al. 41 recently proposed that the 119 Sn magnetic-shielding scale should be increased by around 1000 ppm, a result obtained from the four-component (4c) relativistic theory. Strong correlations between experiment and theory have been suggested for various tin-containing molecules at the non-relativistic DFT level as well. 33, 42, 43 Non-relativistic calculations are usually justified by the possible cancellation of relativistic effects when calculated 119 Sn magnetic shieldings are converted to the chemical-shift scale (relative to a reference compound such as Sn(CH 3 ) 4 ). 22, 34 In other studies, it is suggested that SO coupling cannot be ignored for accurate predictions of chemical shifts. 37, 44 Bagno et al. 37 have discussed applying the zeroth-order regular approximation (ZORA) to 119 Sn magnetic shielding and spinspin coupling constants of tin(IV)-containing species. They have shown that inclusion of SO coupling is important when other heavy atoms such as bromine or iodine are directly bonded to tin. 37 When tin is coordinated to lighter atoms, chemical shifts and spin-spin couplings calculated with inclusion of SO coupling and without it are quite similar, suggesting that inclusion of such terms is not significant. 37 Predicted isotropic 119 Sn chemical shifts in tin-containing solids calculated with plane-wave DFT techniques employing relativistic pseudopotentials at the ZORA level (without the SO component) are in good agreement with isotropic chemical shifts, although the calculated values do deviate by up to 200 ppm from experiment in some cases. 45 The role of SO coupling on calculated magnetic-shielding tensors is highly system-dependent. 16 In this study, we present calculations of the principal components of 119 Sn magneticshielding tensors for tin sites with different oxidation states and different co-ordination environments. In all cases, we compare the tensor elements, rather than isotropic shifts. 29, 31 Comparisons of various theoretical approaches are presented, with or without SO coupling, using the ZORA-DFT methodology. Calculations are performed in plane-wave and cluster-based frameworks to demonstrate the differences in these two approaches. The utility of cluster-based calculations for the predictions of magneticshielding tensors of nuclei in solids has been established in several studies. 29, 31, [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] The effect of hybrid functionals on computed magnetic shielding is also assessed. Our motivation is to understand the impact of various theoretical considerations on the quality of predicted values of magnetic shielding for 119 Sn-containing systems.
Computational details
Twelve tin-containing solids with known X-ray or neutron diffraction structures and with known principal components of the chemical-shift tensor determined by solid-state NMR spectroscopy have been investigated. The tin(II)-containing solids are SnO, 15, 56 The 119 Sn magnetic-shielding tensors in these solids were calculated using (1) a cluster-based approach and (2) a periodic approach, as discussed below. Calculations on cluster models were performed using the Amsterdam Density Functional (ADF) program package. [67] [68] [69] All clusters were expanded around the 119 Sn site up to the third co-ordination shell. The all-electron (AE) TZ2P basis set was employed for the NMR-active nucleus ( 119 Sn) and the first co-ordination shell around the NMR-active nucleus, whereas the remainder of the cluster was treated with the smaller AE TZP basis set. Two example clusters, including a schematic of the partitioning of the basis sets, are illustrated in Fig. 1 . Calculations were carried out using the PBE 70 or PBE0 71 density functionals. Relativistic effects were incorporated using the ZORA Hamiltonian at the scalar (ZORA/SC) or the spin-orbit (ZORA/SO) level. [72] [73] [74] [75] Magnetic-shielding tensors were calculated using the GIAO 76, 77 formalism as implemented in ADF2014. 19, [78] [79] [80] A linear-dependence threshold of 10 À4 was applied for the cluster calculations employing the PBE functional. For calculations employing the PBE0 functional, a more stringent threshold parameter was necessary for numerical problems associated with the linear dependence of the basis functions; therefore the threshold parameter was increased to 5 Â 10 À3 in these calculations. Effects of this procedure on the calculated magnetic-shielding tensor are given in the ESI † in Table S1 and Fig. S1 .
For materials containing hydrogen atoms, a preliminary geometry optimization was run at the scalar (SC) level where the positions of the light atoms were allowed to relax while the heavy atoms remained fixed at their experimental coordinates. See the ESI † for details of the coordinates for each material. The terminal atoms of the clusters were treated with valence modification of terminal atoms using bond valence theory [81] [82] [83] [84] or VMTA/BV. 31 In this scheme, the valence of a terminal atom is modified by altering the nuclear charge, Z mod , by the following relation:
In eqn (1), Z nuc is the actual formal charge on the terminal atom, whereas DS denotes the missing bond strength of the terminal atom in the cluster compared to the bond strength of the same atom in the periodic solid. DS is calculated by the following relation:
In eqn (2), V is the unaltered valence of the terminal atom. The last term in eqn (2) is the bond-valence relation where R i is the bond length between two atoms in a pair containing the terminal atom, and R i0 and b i are the fitted bond-valence parameters. For a more detailed discussion of VMTA/BV, readers are referred to ref. 31 . Calculations employing periodic-boundary conditions (PBCs) were performed using the CASTEP module of Materials Studio 7.0. 84, 85 These calculations were performed at the PBE level with core orbitals replaced by ultrasoft pseudopotentials generated on the fly and with a plane-wave cutoff energy of 600 eV. 85 Convergence of the computed magnetic-shielding parameters was tested by running several additional calculations with higher cutoff energies and finer k-point grids for integration over the Brillouin zone. Calculations of the 119 Sn magneticshielding tensors employed the GIPAW method of Pickard and Mauri. 86 Relativistic effects were included at the ZORA/SC level through the pseudopotential approximation of Yates and co-workers. 87 
Results and discussion
3.1. Spin-orbit effects on calculated 119 Sn magnetic-shielding tensors All calculations discussed in this subsection were performed with the PBE density functional. Fig. 2 shows the correlations between the principal components of calculated magneticshielding tensors and the principal components of experimental chemical-shift tensors. Calculations were performed with the periodic PBE/GIPAW method ( Fig. 2a ), at the PBE/ ZORA/SC level (Fig. 2b) , and at the PBE/ZORA/SO level ( Fig. 2c ). Table 1 presents the parameters of the linear best-fit lines for tin(II) and tin(IV)-containing solids.
For tin(II)-containing solids analyzed as a separate subset (Table 1) , the correlation between calculated magnetic shielding at the SC level and experimental chemical-shift values deviates significantly from ideal agreement. The deviation from the ideal case (slope = À1.00) is 29% and 23% for the linear best-fit lines obtained using periodic PBE/GIPAW and PBE/ ZORA/SC methods, respectively. The extrapolated shielding of the reference compound, s ref , given by the intercept of the best-fit line, is 3019 ppm by the PBE/GIPAW method. The PBE/ ZORA/SC value of s ref is 2745 ppm. For the subset of tin(IV)containing solids, the PBE/GIPAW and PBE/ZORA/SC methods are much closer to the ideal value of À1.00. However, the predicted reference shieldings predicted by the two methods differ by 531 ppm. These results indicate that the predicted magnetic shieldings determined either with the cluster model treated with the ZORA/SC Hamiltonian or with the GIPAW formalism with scalar-relativistic pseudopotentials are dependent on the oxidation state and the co-ordination geometry of the tin atom in the solid system.
In Table 2 , we present the predicted chemical-shift parameters resulting from each method, along with reported experimental values for the twelve tin-containing solids. Calculated magneticshielding parameters have been converted to the chemicalshift scale using the predicted s ref from the linear best-fit correlations for all systems given in Table 1 . The residuals between the experimental and calculated principal components of the chemical-shift tensors are given in Table 1 , which is a measure of the overall quality of performance of each computational methodology ( Table 2) .
For tin(II)-containing solids, PBE/GIPAW calculations consistently give large deviations from experimental values, with residuals ranging between 229 and 314 ppm. For all tin(II)containing solids, the d 33 component has the largest deviation between experiment and theory, when using the PBE/GIPAW approach. The performance of PBE/ZORA/SC calculations is somewhat better, as the residuals range from 124 to 250 ppm. With both computational protocols, the calculated spans (O = |d 33 À d 11 |) are 200-500 ppm smaller than the experimental values. The agreement between experiment and theory is considerably stronger with the PBE/ZORA/SO method for tin(II)-containing solids, with residuals under 100 ppm for five of the six systems. Spans predicted by the PBE/ZORA/SO calculations are in better agreement with experiment than spans obtained by PBE/GIPAW and PBE/ZORA/SC calculations.
For tin(IV)-containing solids, the performance of PBE/GIPAW shows some improvement over its performance in calculations In these latter systems, the first co-ordination shell around tin consists of sulfur atoms rather than oxygen atoms. The magnitude of SO effects on 119 Sn magnetic shielding is probably increased by the presence of the heavier sulfur atom in the co-ordination environment. In these two cases, the residuals determined with the PBE/ZORA/SO calculations are 13 and 29 ppm, respectively, whereas residuals by the PBE/ ZORA/SC are 286 and 199 ppm.
To understand the effect of SO coupling on the 119 Sn magnetic-shielding tensor, we present the differences (Ds ii ) between principal components of magnetic-shielding tensors calculated at the PBE/ZORA/SO level and those calculated at the PBE/ZORA/SC level (Fig. 3) . It is evident that SO effects on magnetic-shielding tensors exhibit a strong dependence on the oxidation state of tin. For tin(II)-containing Table 2 are highest for this compound, due to the presence of significant spin-orbit effects relative to oxygen-co-ordinated tin sites. The results in Fig. 3 for SO effects on the 119 Sn magneticshielding tensor show a striking resemblance to the recentlyinvestigated SO effects on co-ordination compounds of lead. 16 In the case of 207 Pb-containing solids, SO effects show a similar dependence on the oxidation state (+2 or +4) and co-ordination geometry (hemidirected or holodirected) around the 207 Pb nuclei. The magnitudes of the SO effects for 119 Sn and 207 Pb are quite different, as expected. Overall, the magnitude of SO effects (Ds ii ) for the 119 Sn-containing systems varies between 154 and 654 ppm. In comparison, the SO effects on 207 Pb magnetic-shielding tensor are generally 2000-3000 ppm. This difference is likely due to the larger nuclear charge on 207 Pb, resulting in stronger SO coupling effects on magnetic shielding. Fig. 4 shows the orientations of the axes of the 119 Sn magnetic-shielding tensors obtained at the ZORA/SO level of theory for two tin(II) systems in their local frames of reference. For both SnO and BaSnF 4 , the principal axis of the mostshielded component is aligned with the symmetry axis of the molecular orbital (MO) which results mostly from the mixing of the 5s and 5p atomic orbitals of the tin nuclei. Such MOs are often associated with the 'lone-pair' on an atom. In comparison, the s 11 and s 22 axes are in the plane formed by the tin atoms for both systems. The relationship between the principal axes and the lone-pair of the tin(II) nuclei are analogous to recent findings for hemidirected lead(II) systems. 16 The accuracy of calculated 119 Sn NMR parameters has been systematically investigated for a series of isolated tin(IV) molecules by Bagno et al., 37 using the ZORA/SC and ZORA/SO methods. The results indicate that the both ZORA/SC and ZORA/SO methods work quite well for predicting chemical shifts when no other heavy atom is bound to tin. In such systems, the predicted SO effects on the isotropic magnetic shielding vary by around 500 ppm and mostly cancel out when magnetic shieldings are converted to the chemical-shift scale. These findings partially agree with the PBE/GIPAW and PBEZORA/SC results for tin(IV)containing solids. However, for tin(II)-containing solids, the assumption that there are negligible SO effects on the chemical shift is incorrect.
The magnetic shielding (or absolute shielding) of tetramethyltin, s ref , can be estimated from the intersection of the best-fit correlation lines in Table 1 . From the PBE/ZORA/SO method, s ref is predicted to be 2867 ppm from the correlation obtained for all tin-containing systems. By comparison, a single calculation on tetramethyltin at the same level of theory gives 2852 ppm for s ref , a discrepancy of only 15 ppm. With the 4c relativistic DFT (with the BP86 functional), s ref is computed as 3199 ppm. 41 It is clear that PBE/ZORA/SO underestimates s ref by B12% compared to the 4c method. The underestimation of absolute shieldings predicted by ZORA calculations has been discussed previously. 27, 88, 89 Nevertheless, the current results, as well as previous studies on other heavy nuclei such as 207 Pb 16, 31 and 199 Hg, 29 demonstrate that ZORA/SO predictions for the chemical-shift tensor agree with the experimental values within B2%, possibly due to the cancellation of higher-order relativistic effects beyond SO coupling. In the previous investigations of lighter nuclei such as 13 C, 19 F or 29 Si, the performances of the GIPAW method and cluster models for the predictions of magnetic-shielding tensors in solids are similar, provided that sufficiently large clusters are used for the comparison. [53] [54] [55] 90 In contrast, the current results show that although PBE/GIPAW and cluster-based PBE/ ZORA/SC methods yield similar trends for tin(II)-containing and tin(IV)-containing solids, the two methods yield quite different results for s ref (Table 1) .
To compare the two methods in the absence of solid-state effects, we performed NMR calculations on isolated molecules (SnF 2 , Sn(CN) 2 , Sn(OH) 2 , SnF 4 , Sn(CH 3 ) 4 , and SnH 4 ) containing 119 Sn in oxidation states of +2 or +4. The results in Table 3 show that for the tin(II) species (SnF 2 , Sn(CN) 2 , and Sn(OH) 2 ), the calculated magnetic shieldings determined by the PBE/ ZORA/SC and PBE/GIPAW methods are quite similar, with the PBE/GIPAW approach yielding results that are more shielded by 26-58 ppm. On the other hand, the calculated magnetic shieldings of the tin(IV) species (SnF 4 , Sn(CH 3 ) 4 , and SnH 4 ) are predicted by the PBE/GIPAW approach to be 362-460 ppm more shielded. Therefore, one should expect that the calculated magnetic shieldings with the PBE/ZORA/SC Hamiltonian and the PBE/ GIPAW method deviate from one another for 119 Sn nuclei. Moreover, the difference in the calculated magnetic shieldings depends on the electronic structure of the system investigated.
The performance of hybrid DFT methods when combined with ZORA/SO
In general, hybrid density functionals improve the accuracy of prediction of NMR parameters. A recent study of 207 Pb-containing solids indicates that the inclusion of Hartree-Fock (HF) exchange via hybrid functionals can have significant effects on calculated principal components of the magnetic-shielding tensor. 16 Therefore, we have investigated the performance of the PBE0 functional (with 25% HF exchange), using cluster models and the ZORA/ SO Hamiltonian.
In Fig. 5 , we show the correlation between the principal components of the calculated magnetic-shielding tensor at the PBE0/ZORA/SO level of theory and the principal components of the experimental chemical-shift tensor. The slope of the correlation line when all systems are considered is À1.03 AE 0.02. There is less scatter about the best-fit line (R 2 = 0.99) than was obtained at the PBE/ZORA/SO level. In general, the calculated principal components obtained with the PBE0/ZORA/SO method are 100-200 ppm more shielded than the calculated principal components obtained with the PBE/ZORA/SO method. The predicted shielding of the reference compound is found to be 3003 AE 16 ppm, indicating a slightly more shielded value obtained at PBE0/ZORA/SO level of theory than at the PBE/ ZORA/SO level.
In Table 4 , the predicted principal components of the chemical-shift tensors at the PBE0/ZORA/SO level of theory are tabulated, along with the experimental values. For all tincontaining solids, the calculated residuals between theory and experiment are below 100 ppm and the largest residual (94 ppm) is seen for SnO. In general, the agreement between experiment and theory improves when PBE0 is employed instead of PBE. However, this improvement, for most cases, is quite small. As the NMR calculations employing hybrid functionals are considerably larger than for GGA functionals, the latter may be more cost-effective for calculations of 119 Sn magnetic-shielding tensor in similar systems.
Conclusion
The effects of SO coupling on the magnetic-shielding or chemical-shift tensors of 119 Sn nuclei in various tin compounds are significant. Neglecting the SO coupling in calculations (GIPAW or ZORA/SC) usually results in calculated values that deviate by 20-30% from the experimental values for tin(II) compounds. The deviation is clearly seen for the calculated chemical shifts and spans.
When the ZORA/SO Hamiltonian and cluster models are employed, one obtains correlations between calculated and experimental principal components of chemical-shift tensors that are very close to the ideal relationship. In fact, using this level of theory provides agreement between results for tin(II)and tin(IV)-containing solids. The residuals between calculated and experimental principal components are below 100 ppm for the majority of tin-containing solids. These results are in contrast to the GIPAW and ZORA/SC results, where large deviations from experiment are present. At the moment, calculations with the SO Hamiltonian are not available in the GIPAW formalism. Inclusion of the SO Hamiltonian in the GIPAW formalism may improve the systematic deviations of 119 Sn magnetic-shielding tensors from experiment.
The agreement between calculated and experimental principal components of chemical-shift tensors is improved further by use of the hybrid PBE0 functional. However, this improvement is rather small for most of the cases we have examined.
Direct comparison of the principal components of calculated magnetic-shielding tensors to the principal components of chemical-shift tensors provides a more stringent test of relativistic effects than does the comparison of isotropic values. For example, the effects of SO coupling on the s 33 component of tin(II)containing materials are significantly larger than observed for the other two principal components. This observation suggests that SO effects may be present for the principal components of the magnetic-shielding tensors of other period 5 nuclei such as 113 Cd and 125 Te.
